We have deposited CdTe thin films by close-spaced sublimation at two different temperature ranges. The films deposited at the lower temperature partially recrystallized after CdCl 2 treatment at 350ºC and completely recrystallized after the same treatment at 400ºC. The films deposited at higher temperature did not recrystallize at these two temperatures. These results confirmed that the mechanisms responsible for changes in physical properties of CdTe films treated with CdCl 2 are recrystallization and grain growth, and provided an alternative method to deposit CSS films using lower temperatures.
INTRODUCTION
In a previous publication (1), we studied the changes in the physical properties of close-spaced sublimation (CSS) and physical vapor deposition (PVD) CdTe thin films treated with CdCl 2 at 350° and 400°C. The changes observed in the PVD films with the treatment were associated with a recrystallization and grain-growth process. Recrystallization is the process in which a new, better-quality crystalline lattice nucleates and replaces the original one. After the recrystallization process is over, grain growth follows. In contrast to PVD films, CSS films did not show any significant change in physical properties with the treatment, which was attributed to their large-size grains and good quality, and consequent higher resistance to the recrystallization process. In the present work, we tested this assumption by producing two kinds of CSS films at two different temperature ranges. If our hypothesis is correct, we should be able to observe the same phenomenon with the CSS CdTe films deposited at the lower temperatures as we observed with the PVD films.
Furthermore, we also observed in our previous work that, although the initial in-plane compressive stress present in the as-deposited films was eliminated in the PVD films treated at 400°C, because of the recrystallization process, it was not completely eliminated in the CSS films. So, if we produced CSS films at lower temperatures and lower quality (so that they would recrystallize), it was possible that these films would have a better quality than films deposited using standard conditions. Finally, we studied the evolution of the inhomogeneous stress in films treated at different temperatures to investigate the mechanism responsible for the physical changes during the CdCl 2 treatment.
EXPERIMENTAL PROCEDURE
Two sets of CdTe films were deposited on CdS/SnO 2 /Glass substrates by close-spaced deposition. The first set was deposited with substrate temperatures from 420° to 474°C and a thickness of 5 µm. The second set was deposited at 620°C and had a thickness of 6.2 µm. For both sets, the chamber was maintained at 16 Torr during deposition with a mixture of oxygen and helium. For simplicity, we will refer to the films deposited at the lower temperatures as LT films and the ones deposited at the higher temperature as HT films.
The CdTe films received several drops of a saturated CdCl 2 /methanol solution on the surface and were treated in a Lindberg tube furnace at temperatures ranging from 340° to 400°C.
The surface morphology of the films was studied using atomic force microscopy (AFM), their crystalline structure was analyzed using X-ray diffraction (XRD), and the photoluminescence lifetime of the minority carriers was measured using time-resolved photoluminescence (TRPL).
RESULTS
The morphology of the untreated LT and HT films is shown in Fig. 1 . As expected, because of the difference in deposition temperature, the grain size of the HT films is much larger than the one for the LT films. After the treatment at 350°C, we observed small grains on the surface of the LT films and no significant changes in the HT films. The small grains are attributed to the recrystallization process and are assumed to be new grains that have nucleated during the heat treatment. After the treatment at 400°C, there was significant grain growth in the LT films and no significant growth in the HT films. Nevertheless, some small particles were observed in the latter, and may be due to the recrystallization process that had just started in these films. The grain size of the films for different treatments is presented in Table 1 .
The evolution of the texture on the LT and HT films is also shown in Table 1 . The texture coefficient σ, shown in this table, is related to the preferential orientation of the films (2) . For the number of peaks used in the analysis, a value of 2.8 means a completely oriented film, whereas a value of 0 means a randomly oriented film. The as-deposited LT films exhibited strong (111) texture, probably because the (111) surface is the one with lower energy for CdTe films. In contrast, the as-deposited HT films were almost randomly oriented, probably because of the larger entropy during growth, which favors the nucleation of islands with different orientations (3). The LT films treated at 350°C still had strong (111) texture, but small peaks were observed for the other crystalline planes. This is reflected in a small decrease in the value of σ. After the treatment at 400°C, the LT films became almost randomly oriented. In contrast, there was not a significant change in the texture of the HT films with the treatment. The lattice parameter, a, for the films is calculated in Fig. 2 , using a method developed by Taylor (4) and Nelson (5) . The as-deposited LT films had a lattice parameter larger than the one for a powder CdTe sample (6.481 Å), indicating the presence of in-plane compressive stress (6) . The LT film treated at 350°C had two values of a; the larger one was obtained from the (111) planes and was attributed to the original lattice, whereas the smaller one was obtained from all other planes and was attributed to the recrystallized lattice. After the treatment at 400°C, the LT films had only one lattice parameter, because of the end of the recrystallization process. In contrast, the untreated HT films had a value of a close to the one for a powder sample, indicating that they did not have significant in-plane stress. Furthermore, there were no significant changes after the CdCl 2 treatment at 350° and 400°C.
Finally, to have information on the inhomogeneous stress in the films, we studied the evolution of the (444) diffraction peak with the CdCl 2 treatment. To study the stress in the early stages of the recrystallization process, we treated LT films at 340° and 345°C. The shape and position of the peak for the untreated and treated at 340°, 345° and 350°C LT films were very similar, indicating that both in-plane (position of the peak) and inhomogeneous (width of the peak) stress did not change. After the treatment at 400°C, there was a clear decrease in both stresses. In the case of the HT films, there was no significant change in this peak with the CdCl 2 treatment. The values of PL lifetime for the LT and HT films are reported in Table 1 .
DISCUSSION
The results obtained from the AFM images support our previous results. The small particles observed on the LT films treated at 350°C are similar to the ones noticed on PVD films also treated at 350°C. These are new CdTe grains and indicate that these films are being recrystallized. The results are also similar for PVD and LT films treated at 400°C, with significant grain growth, indicating that the films were completely recrystallized. As we would expect, the HT films, deposited at higher temperatures, did not show any sign of recrystallization after the treatment at 350°C. The small grains observed after the treatment at 400°C also support the recrystallization theory, because one would expect that a film with larger grains and lower density of defects would recrystallize at a higher temperature.
The XRD results agreed well with the ones from AFM. The small peaks on the XRD pattern for the LT films treated at 350°C were due to the new recrystallized lattice that was formed during the treatment. Because there was not a unique reference plane, as in the case of the film nucleation, for the recrystallization process, the new grains were randomly oriented. And because these films still had strong (111) texture, we can conclude that the recrystallization process was in the early stages. The small grains, observed in AFM images of these films, were responsible for the peaks with orientation other than [111] . These grains also contributed to the (111)-type peaks, but their contribution was too small to be noticed. The almost complete loss of preferential orientation for the LT films treated at 400°C occurred because the recrystallization process was finished, and the original lattice  the one completely oriented  was entirely consumed. The lack of any preferential orientation for the HT films makes it impossible to infer any information on recrystallization from their XRD patterns.
The two lattice parameters found for the LT film treated at 350°C confirm the existence of two lattices: the original and the recrystallized. It is important to notice that the larger lattice parameter (showing the existence of in-plane compressive stress) was obtained from the (111)-type reflections  both characteristics of the asdeposited LT films. The lower value of a was obtained from all the other reflections, and it reveals a lattice with basically no in-plane stress, as would be expected from the recrystallized lattice. Indeed, as mentioned before, the (111)-type peaks also have a component from the recrystallized lattice; but, at this stage, it is too small to be detected, because the recrystallization process is just starting. The existence of only one lattice parameter, with a value close to the one for a powder sample, for the LT films after treatment at 400°C confirms that the recrystallization process was complete. The values of the lattice parameter for the HT samples were all very close to the one for a powder sample, indicating that there was no significant homogeneous compressive stress, even for the untreated films.
It has been observed previously (7) that CdTe films treated at 400°C for 30 minutes do not show significant changes in their physical properties if CdCl 2 is not present during the treatment. Furthermore, the recrystallization process is a function of stress in the film and of treatment temperature/time. Based on these facts, we believe that the effect of CdCl 2 is to increase the stress in the films in the early stages of the treatment, triggering the recrystallization process. Nevertheless, this increase in stress was not detected in films treated at 340° and 345°C (at this stage there are still no signs of recrystallization), when comparing the shape and position of the (444) peak. Although these results seem to go against our theory, in reality they support it. In most cases, the diffusion of elements in polycrystalline materials are much faster through grain boundaries (8) . In our model, diffusion into the film, during the CdCl 2 (probably Cl) treatment, increases the stress at grain boundaries, triggering the recrystallization process in these sites. This agrees with the XRD results, because the XRD signal comes predominantly from the intragranular material, and it is not going to detect an increase in stress at the grain boundaries. Also, it agrees with the fact that, as we have observed previously (1), nucleation always seems to start at grain boundaries.
The PL lifetime results show a significant increase in the quality of the films even if recrystallization is not present (HT films), as has been observed in our previous work. This confirms the importance of the CdCl 2 treatment, even for samples that do not recrystallize, and it suggests that the effects of this treatment in the physical and electro-optical properties of the films are not directly connected. The difference in the lifetimes of LT and HT films treated at 400°C is probably due to the difference in grain size. It is possible that if we increase the CdCl 2 treatment temperature, it will result in LT films with larger grains and higher values of PL lifetime.
CONCLUSIONS
We were able to induce recrystallization in CdTe thin films deposited by closespaced sublimation, for the first time, by depositing films at lower substrate temperatures and with smaller grain size and larger concentration of defects. This shows that the main effect of the CdCl 2 treatment in the physical properties of CdTe films is to promote recrystallization and subsequent grain growth, independent of deposition method. Furthermore, for these changes to take place, it is necessary that a minimum amount of stress is present in the untreated films, which explains why CSS CdTe films deposited using standard conditions do not recrystallize.
We presented an alternative method to deposit CSS CdTe films using lower substrate temperatures. We believe that, with the optimization of the parameters of the CdCl 2 treatment, high-quality films can be produced using these lower temperatures.
